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a  b  s  t  r  a  c  t
Hetrometal oxides of (1 − x)Al2O3/xPbO2 (NPs) nanoparticles with different PbO2 content
(x  = 0, 0.3, 0.4, 0.5, 0.6 and 0.7) have been prepared by irradiation method. The NPs powder has
been checked by X-ray diffraction (XRD). XRD measurements affirmed the presence of both
pure NPs and nanocomposites of (1 − x)Al2O3/xPbO2 NPs with different PbO2 contents. The
calculated structural parameters which using the experimental result of XRD charts to give
a  complete image of these measurements. Moreover, the results using FLUKA code showed
that the values attenuation coefficient (m), high effective atomic number (Zeff) and neu-
tron shielding parameters increase as the lead dioxide increase in the Al2O3/PbO2 samples.
While the values of half-value layer (HVL) and mean free path (MFP) decrease with increas-
ing  PbO2 content. The investigated shielding features of the chosen Al2O3/PbO2 would beFLUKA advantageous for exposure control.
ors. 
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1.  IntroductionGamma-ray has been used as worthy instruments in medic-
inal, cultivation, scientific research. While such applications
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are very beneficial for human life, undesirable exposures
like scattering gamma-rays and cosmic ray are dangerous to
human and their environment with different impacts. Expo-
sure to high gamma  dose may cause direct hurtful impacts
such as radiation sickness and increase the risk of cancer.
Thus, how to block gamma radiation that could cause phys-
ical harm to a human being [4,5]. The protective material is
used to prevent radiation coming from various sources, be it
an X-ray room, a laboratory, or a nuclear waste treatment site.
n open access article under the CC BY-NC-ND license (http://
j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):13956–13962 13957











































Figure 2 – XRD of (1 − x)Al2O3/xPbO2 with different PbO2ass attenuation coefficients calculations of glasses.
Metal oxides is considered as an exciting goal for researcher
ecause of using them as active components in devices [6,7],
rganic transformation [8] which give an interesting applica-
ions in green science area [9]. Moreover, Al2O3 stoichiometry
an be used as a catalyst and absorbent [10]. On the other
and, PbO2 has high chemical stability moreover its promising
lectrical properties [11,12], achieving the optical transparency
ith the high electrical conductivity, which reflexes in the
ptoelectronic industry [13]. It has chemical stability and high
icro-hardness [14]. Besides, materials doped with certain
eavy metal oxides, such as PbO, have excellent radiation pro-
ection properties [15].
So because of their previous interests for metal oxides as
ell as mixed metal oxides, we study the effect of adding PbO2
ith different content to Al2O3 to form (1 − x)Al2O3/xPbO2
x = 0, 30, 40, 50, 60 and 70). Firstly, structural changes have
een studied. Then shielding aspects of theses nanoparticle
ave been investigated.
.  Experiment  technique
n this method, 0.2 M CO(NH2)2·6H2O was mixed with 0.2 M
l(NO3)2·6H2O in a flask, then this mixture was introduced
nto a 650 W microwave oven for 20 min  [1,2]. The final white
l2O3 NPs were characterized. The identical procedure has
een done for PbO2 NPs using Pb(NO3)3·9H2O as a mother
aterial. Two combinations of metal oxide such as M1O and
2O could be mechanical mixing having chemical linkages of
1–O–M2 [16]. For Al2O3/0.3PbO2 NPs, 0.7 Al(NO3)2·6H2O and
.3 PbO(NO3)3·9H2O were used. The same producers have been
one for the rest of concentrations. Shimadzu XD-3A X-ray
iffractometer was used for measuring X-ray diffraction (XRD)
t angle of 2 range from 30 to 80, with CuK radiation source
 = 0.15418 nm).
FLUKA is a radiation transport code based on Monte Carlo
ethod [17–19]. FLUKA code [20,21] was developed collabora-
ively by CERN (European Organization for Nuclear Research)
nd INFN (Italian Institute for Nuclear Physics), can be found
lsewhere [17,18] (Fig. 1). In this study, FLUKA Monte Carlo
ode [22,23] used to investigate the shielding properties of five
amples of (1 − x)Al2O3/xPbO2 nanoparticles (NPs) depending
n their densities, with different contents of PbO2 (x = 0.0, 0.3,
.4, 0.5, 0.6 and 0.7) against -rays. In the current simulation,
he BEAMPOS card used to define the position and direction of
he radioactive source which considered as a monoenergetic
0.2 cm dimension), mono-directional beam of photons alongNPs content.
plus z-axis with different energies at 1–3 × 103 keV. Then the
angular and energy distribution of the source was defined by
the BEAM card. Also, the BEAM card defined the type of particle
and its energy. For photon transport at low energies, the energy
cutoff was set to 10–6 GeV using card EMFCUT. The number of
photons reached to detection area detected by a cylindrical
3′′ × 3′′ NaI (Tl) scintillation detector [24]. The detector placed
inside a collimator made of a 12-cm and 0.2-cm outer and
inner diameter with a lead cylinder 13 cm long. The NaI area
defined as a track length Fluence estimator by the USRTRACK
metrics system. In geometry, each sample placed among the
source, and the detector surface indicated in Fig. 1.
MATERIAL card describing the selected composition con-
tains the name of the compound, the weight fraction, the
material number, its density, etc. and it is used with the nec-
essary COMPOSITE card to determine the exact composition
of the sample
Simulation processes performed between 106 and 206 pri-
mary  photons in order to obtain a statistical error of <1%. The
fluence of a photon in the detector volume has been assessed
with the USRBIN card. The sample was modelled as a cylin-
der, 4.0 cm diameter, with the various thicknesses from 0.2 to
0.5 cm.  Glass samples conducted with the Rectangular Paral-
lelepiped body. RPP characterized by six numbers (minimum
and maximum) for X, Y and Z. In this simulation geometry, X
(min and max) and Y (min and max) were selected as −5-cm
and +5-cm, respectively. Photons passing through the sample
were detected in the detector volume.
3.  Results  and  discussion
3.1.  Structural  investigationsXRD was performed for (1 − x)Al2O3/xPbO2 NPs (x = 0, 30, 40,
50, 60 and 70) is shown in Fig. 2. XRD pattern of Al2O3 NPs
shows the peak intensities, as well as positions, are in good
agreement with values of Al2O3 NPs [Al2O3: 04-014-1368]. After
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Figure 3 – Size dependence of (1 − x)Al2O3/xPbO2 on the
Figure 4 – Dislocation density, number of crystals and
dislocation density for (1 − x)Al2O3/xPbO2 (x = 0.0, 0.3, 0.4,
0.5, 0.6 and 0.7) as a function of PbO2 NPs content.
Figure 5 – Mass attenuation coefficient (m) for
(1 − x)Al2O3/xPbO2 (x = 0.0, 0.3, 0.4, 0.5, 0.6 and 0.7) as aPbO2 NPs content.
adding 0.3 PbO2 in the Al2O3 NPs, the angular positions of the
peaks shift slightly, and the peak intensity related to Al2O3 NPs
starts decreasing. Besides, a peak associated with an impurity
(PbO2) NPs appears [PbO2: 04-021-0870]. As increasing the PbO2
contents, there is a partial transformation from Al2O3 to PbO2
NPs. The XRD half-width of these peaks was used to calcu-





K: constant, : wavelength, : Bragg’s angle, : full width at half
maximum (FWMH). Fig. 3 shows theses crystalline sizes cal-
culated using Eq. (1). The grain size of as-prepared samples is
found to be in the order of nanoscale. The dislocation density,





The microstrain, εs is determined by using the relation [27]:
εs =  cos 4 (3)





Fig. 4 shows the values of ı, εs and Nc for the thin
Al2O3/PbO2. It is evident that these values are increasing as
the PbO2 content increases. Thus, the latter results verify that
Al2O3/PbO2 crystallinity is enhanced. Substitution and inter-
stitial alloys formation depends on the atomic radii of both
components. The substitution alloys are formed because of
similar radii of the two metallic components.function of photon energy and PbO2 content.
On the other hand, an interstitial alloy is allowed to form
if these radii are differing [9]. Regarding the ionic radius of
Pb2+ and Al2+ is 120 pm and 50 pm,  respectively. Therefore,
an interstitial alloy of Al2O3/PbO2 is allowed to form.
3.2.  Radiation  shielding  parameters
In this study, for Pb30, Pb40, Pb50, Pb60, and Pb70 samples,
the related photon attenuation parameters like m, a, HVL,
MFP, and Zeff and Nel are investigated within 10–300 keV energy
range. The m values were evaluated via mixture rule m =∑
i
wi(m)i obtained by using FLUKA Code. In the low photon
energy, a particular photoelectric effect (PEA) interaction pro-
cess plays an effective role in any material. Here, depending on
the sample ‘Z’ and photon energy (E), PEA ∝ E−3.5Z−(4–5) [29–33].
Fig. 5 appears the m transitions, calculated using FLUKA code
for Pb30, Pb40, Pb50, Pb60, and Pb70 samples. m exhibits drift
j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):13956–13962 13959







































Figure 7 – Atomic cross-section (a) for (1 − x)Al2O3/xPbO2
(x = 0.0, 0.3, 0.4, 0.5, 0.6 and 0.7) as a function of photon
energy and PbO2 content.
Figure 8 – Half-value layer (HVL) for (1 − x)Al2O3/xPbO2
(x = 0.0, 0.3, 0.4, 0.5, 0.6 and 0.7) as a function of photonresent samples and m values of Pb metal.
ithin selected E range for all chosen samples and PbO2 inclu-
ion instead of Al2O3 causes amelioration in m from Pb30 to
b70 sample as Pb, Z = 82 greater than Al, Z = 13. Thus, Pb70
ample (contained 70 wt.% PbO2) has the highest m in all
tudied samples. 43.25, 52.50, 61.83, 71.13, and 80.72 cm2/g, for
xample, are the calculated respective m Pb30, Pb40, Pb50,
b60, and Pb70 samples at 10 keV.
Moreover, due to PEA domination from 15 to 300 keV, m
educed sharply, though there occurs a quick rise in it at 13.04,
5.2, 15.86 and 88 keV because of Pb element L3, L2, L1 and K-
bsorption edges, for Pb30, Pb40, Pb50, Pb60, and Pb70 samples.
hen Pb (82) adding into samples, the interaction between
hotons and Pb30, Pb40, Pb50, Pb60, and Pb70 will increase.
t means that additional energy will be absorbed to drive out
n electron from the Pb atom. The electrons could be ejected
ither through the PEA interaction process [35]. The absorbed
adiation through the Pb30, Pb40, Pb50, Pb60, and Pb70 sam-
les is increased, as the interaction of photons with the target
tom is increased. Thus, the increment of m values can be
redictable. As seen in Fig. 5, the Pb70 sample has the highest
alue of m. Subsequently, Pb70 sample that contains 70% of
bO2 has the additional capacity to decrease gamma  radiation.
he relative differences between the m values for Pb30, Pb40,
b50, Pb60, and Pb70 samples and the m values for lead are
hown in Fig. 6. The chosen metal for compare is lead, which is
enerally used as a shielding metal in radiation applications.
s shown in this figure, the Pb30 sample is 85% bigger m val-
es than lead while Pb70 sample is very close to lead in the
hosen energy range. The changes of atomic cross-section (a)
alues concerning to photon energy are plotted in Fig. 7. The
a values of all investigated samples reduce in analogous with
he potential of reducing photon–atom interaction. The behav-
ors of a values with energy and composition are identical to
m results obtained for Pb30, Pb40, Pb50, Pb60, and Pb70 sam-
les. Therefore Pb70 and Pb30 sample have the highest and a
alues in selected photon energy.
The parameters HVL and MFP  are very beneficial factors
o research the gamma shielding parameters and to evalu-
te the gamma penetrating strength inside the sample. HVLenergy and PbO2 content.
is the thickness that absorbs the photon intensity by half, and
this refers to the ability of photons to penetrate as the energy
increases. MFP  describes the mean range travelled by a mov-
ing photon between two consecutive collisions. HVL and MFP





MFP  = 1 (6)

where  is the linear attenuation coefficient. Figs. 8 and 9 show
the variation of HVL and MFP values against energy. From fig-
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Figure 9 – Mean free path (MFP) for (1 − x)Al2O3/xPbO2
(x = 0.0, 0.3, 0.4, 0.5, 0.6 and 0.7) as a function of photon
Figure 10 – Effective atomic number (Zeff ) for
(1 − x)Al2O3/xPbO2 (x = 0.0, 0.3, 0.4, 0.5, 0.6 and 0.7) as a
function of photon energy and PbO2 content.
Figure 11 – Effective electron density (Zeff ) for
(1 − x)Al2O3/xPbO2 (x = 0.0, 0.3, 0.4, 0.5, 0.6 and 0.7) as aenergy and PbO2 content.
ures, HVL and MFP  values increase as the energy increment.
The trend of HVL and MFP  with energy could be described
identically to the discussion as mentioned earlier of m. In this
study, the Pb70 sample has the smallest HVL and MFP values at
studied photon energy (10–300 keV) among other investigated
samples. As the gamma energy rises to 300 keV, the HVL value
becomes 0.33 cm.
The m values could be applied to evaluate the total atomic
cross-section (a), total electronic cross-section (e) and effec-


















Fig. 10 shows the Zeff values for Pb30, Pb40, Pb50, Pb60,
and Pb70 samples. These values are ranged from 14.84 to
45.96. From this figure, it can be observed that the Zeff val-
ues raised to two maximums, dependent on PbO2 content in
the Al2O3/PbO2 samples, at 15.20 and 88.00 keV due to L3,
L2, L1 and K-absorption edges of Pb element. As shown in
Fig. 9, the Zeff values rise as the PbO2 concentration incre-
ment in the Al2O3/PbO2 network. The variations of effective
electron density (Nel) values versus incident photon energy
are presented in Fig. 11. The trend of Nel results against
photon energy is identical to Zeff behavior. In the selected
photon energy, the Nel values of investigated samples are
Pb30 > Pb40 > Pb50 > Pb60 > Pb70. This may be due to both the
weight fraction and atomic mass of the lead constituting the
material.function of photon energy and PbO2 content.
4.  Conclusion
(1 − x)Al2O3/xPbO2 NPs (x = 0.0, 0.3, 0.4, 0.5, 0.6 and 0.7) were
fabricated and confirmed by experimental XRD results. Size of
these NPs was found to be decreasing as the PbO2 increases.
The microstrain, dislocation density and number of crystal-
lites for these NPs were enhanced as a function of PbO2
contents. m, HVL, MFP,  and Zeff radiation shielding proper-
ties are calculated to investigate the gamma shielding ability
for Pb30, Pb40, Pb50, Pb60, and Pb70 samples. Estimated values
show that m, and Zeffs values increment as the PbO2 content
increases. Pb70 sample has the smallest HVL and MFP val-
ues. Thus, this study refers that Pb70 sample shows distinct
protection strength to attenuate the photons.
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